Abstract Achievement of management goals for Lake Champlain (Vermont/New York, USA and Quebec, Canada) will require reduction of agricultural phosphorus loads, the dominant nonpoint source in the Basin. Cost-effective phosphorus reduction strategies need reliable treatment techniques beyond basic cropland and waste management practices. The Lake Champlain Basin Agricultural Watersheds National Monitoring Program (NMP) Project evaluates the effectiveness of livestock exclusion, streambank protection, and riparian restoration practices in reducing concentrations and loads of nutrients, sediment, and bacteria in surface waters. Treatment and control watersheds in northwestern Vermont have been monitored since 1994 according to a pairedwatershed design. Monitoring consists of continuous stream discharge recording, flow-proportional sampling for total P, total Kjeldahl N, and total suspended solids, grab sampling for indicator bacterial, and land use/agricultural monitoring. Strong statistical calibration between the control and treatment watersheds has been achieved. Installation of riparian fencing, protected stream crossings, and streambank bioengineering was completed in 1997. Early post-treatment data suggest significant reduction in P concentrations and loads and in bacteria counts in the treated watershed. Monitoring is scheduled to continue through 2000.
Introduction
Lake Champlain, the sixth largest freshwater lake in the U.S., is undergoing cultural eutrophication due to excessive phosphorus (P) loads from its 20,800 km 2 drainage basin which spans portions of Vermont, New York, and Quebec, Canada. About 71% of the average annual P load of 647 t/yr comes from nonpoint sources (nps) (VT DEC and NY DEC, 1997) and 66% of the nps P load to Lake Champlain has been attributed to agricultural land in the basin (Meals and Budd, 1998) . The management strategy for Lake Champlain calls for reductions of P loading from both point and nonpoint sources. Vermont's nps management strategy for Lake Champlain and its tributaries will rely on implementation of controls of known effectiveness, particularly for agriculture, to reduce P loads to meet state water quality standards established for the Lake.
Efforts to reduce agricultural nps pollution in Vermont since 1980 have targeted animal waste management in the state's predominantly dairy agriculture. Construction of manure storage structures, barnyard runoff management, and adoption of improved waste management to avoid winter spreading of manure have been encouraged under federal and state assistance programs. However, dairy cows in Vermont traditionally spend half of the year on pasture and livestock commonly have free access to streams and streambanks. Grazing impacts on water quality have not been addressed in previous nps reduction studies. Direct deposition of waste into streams, destruction of riparian vegetation, and trampling of streambanks and streambeds are all problems associated with unrestricted livestock grazing. Such activities may represent important sources of sediment, nutrients, and bacteria to surface waters in Vermont.
The goal of the Lake Champlain Basin Agricultural Watersheds Section 319 NMP Project is to quantify the effectiveness of livestock exclusion, streambank protection, and riparian restoration practices as tools for reducing sediment, nutrient, and bacteria runoff from agricultural land to surface waters. Water quality changes will be documented at the watershed level in response to implementation of practical, low-technology measures to protect stream corridors from livestock grazing. Treatment effectiveness is evaluated through water quality monitoring at watershed outlets using a paired-watershed design. The project is one of twenty special nps pollution control projects across the nation in the National Monitoring Program, funded in part by the US Environmental Protection Agency under Section 319 of the Clean Water Act. Project design and progress have been fully described in annual reports (e.g., Meals, 1999) .
Methods

Study area
The project is conducted within the Missiquoi River drainage of the Lake Champlain Basin in Vermont, in the northeast USA. The Missiquoi River drains the most intensively agricultural region of the Basin, contributing the second largest discharge (~1307 hm 3 /yr) and the greatest nps P load (~82 t/yr) to Lake Champlain among its tributaries. The study streams are tributaries to the Missiquoi River, draining generally from northwest to southeast in the towns of Berkshire and Richford, Vermont. Typical of the region, water quality in the study streams is impaired by phosphorus, bacteria, and organic matter originating from animal wastes generated from dairy farms, crop production, and livestock activity within streams and riparian areas (VT ANR, 1996) .
The 1422 ha Godin Brook watershed (WS 2) is the focus of riparian restoration. The 954 ha Berry Brook watershed (WS 3) is the control. Another treatment watershed is included in the study, but not discussed in this paper. The study watersheds occupy part of a broad swath of land that rises gently from the Champlain lowlands in the west through the foothills of the Green Mountains to the east. Maximum relief in the study area is ~250 m, from a low of ~150 m above mean sea level to maximum elevations of 400 m in WS 3. Most watershed soils formed in unstratified glacial drift of various metamorphic minerals, although each of the streams enter areas of deep alluvial soils and soils of lacustrine origin near their confluences with the Missiquoi River. The climate of the area is of the cool, continental type with cold winters, warm summers, a short growing season, and pronounced seasonal variations in temperature and precipitation. Mean annual temperature is 6.3°C, with average minimum and maximum annual temperatures of -34.6°C and 33.2°C, respectively. The frost-free period averages 118 days. Annual precipitation averages 1049 mm; average annual snowfall is 291 cm.
The watersheds are similar with respect to major land use/land cover categories. About 60% of land area is covered by mixed coniferous/deciduous forest. Just 2-3% of each watershed is in residential use. One-third of watershed area is in agriculture. Very little (1-3%) of the land is devoted to growing silage corn; most watershed farmers rely primarily or exclusively on grass production for livestock feed. More than a quarter of each watershed is in hay or mixed hay/pasture. Agriculture in the study watersheds is predominantly dairy, although some beef and sheep production exists. In 1998, farms with substantial land in the study watersheds reported 1656 and 333 A.U. (Animal Units, ~450 kg = 1 A.U.) in WS 2 and WS 3, respectively.
Study design
The project follows a paired watershed design (USEPA, 1993) . This approach requires two watersheds -control and treatment -and two periods of monitoring -calibration and treatment. The purpose of the control (untreated) watershed is to account for year-to-year variations in climate/hydrologic inputs, and management practices in the control watershed should remain unchanged during the project. The treatment watershed has a change in man-agement implemented at some point during the study. During the calibration period, neither of the watersheds receive treatment(s) and water quality data are collected similarly at each watershed outlet. Change in management is then implemented in the treatment watershed. During the treatment period, management changes are active in the treatment watershed, while the control watershed remains under original conditions. Monitoring continues according to the original design throughout the treatment period. The basis of this approach is that a quantifiable relationship (i.e., linear regression) exists between the treatment and control watershed for paired water quality data (e.g., P concentration), and that this relationship holds until a major change is made in one of the watersheds. At that time, a new relationship will exist. The effect of treatment implementation is measured by the difference between the calibration and treatment relationships.
Chemical/physical water quality and streamflow are monitored at the outlet of each watershed preceding land treatment in order to achieve satisfactory calibration between the two watersheds. Land use and agricultural activities in each watershed are monitored through farmer records and interviews and aerial photography. The effects of treatment will be evaluated on the basis of statistically significant changes in the relationships among the study watersheds of streamflow, bacteria densities, and both concentration and mass export of sediment nutrients (USEPA, 1993; USEPA, 1997) . The principal hypothesis to be tested is that treatment in WS 2 will yield significant improvements in water quality compared to the control.
Precipitation is recorded continuously year-round by gages located in each watershed. Secure, heated monitoring stations are located at each watershed outlet, where streamflow is recorded continuously using a bubbler-type flow meter. Primary stage measurement is conducted in a stilling well below each station building. Stage-discharge ratings have been developed for each site using standard cross-section stage and velocity measurements. Both stage and discharge data are stored in an on-board data logger and are downloaded weekly.
Water samples for total phosphorus (TP), total Kjeldahl nitrogen (TKN), and total suspended solids (TSS) are collected in refrigerated automatic samplers on a flow-proportional basis and composited into a weekly sample from each watershed. At each station, the sampler is placed by signals from the flow meter; a fixed volume of sample is collected for each increment of streamflow. Samples are collected by pumping water from the stream through tubing running underground from the station building to a fixed point approximately in the midpoint of the stream. The accumulated composite samples are recovered weekly, each composite sample representing the standard project week: 0900 Monday to 0859 the following Monday. Grab samples for Escherichia coli, Fecal Coliform, and Fecal Streptococcus bacteria analysis are collected twice a week at each station. Water temperature, dissolved oxygen, and specific conductance are measured in situ at the time of grab sample collection. All sampling handling and transport procedures follow US EPA methods (USEPA, 1983) . Composite samples are contained in the refrigerated sampler base at 4°C at all times; grab samples are iced at the time of collection and transported at 4°C to the laboratory within 3 hours. Samples are analyzed at the Vermont Department of Environmental Conservation Laboratory by accepted methods: TP (USEPA 365.1), TKN (APHA 4500-NH 3 F), TSS (APHA 2540-D), E. coli (USEPA 1103.1), Fecal coliform (APHA 9222-D), and Fecal streptococcus (APHA 9230-C) (USEPA, 1983 (USEPA, , 1985 Standard Methods, 1995) .
Land use and agricultural management monitoring
Baseline data on soils, topography, land ownership, and agricultural land use and management were collected in 1993. Changes in land use and agricultural activity are monitored and updated annually through farmer record-keeping, an annual interview with each owner and/or operator of agricultural land, and aerial photography. Land ownership and land use/land cover are compiled and mapped in a GIS.
Land treatment plan
During the calibration period, critical areas needing treatment in WS 2 were identified through baseline farm inventories, direct inspection of stream corridors, and interpretation of aerial video imagery. Treatment plans were developed for individual farms in cooperation with landowners, who participated on a voluntary basis. Agreements signed with each participating landowner require operation and preservation of the treatments by the landowner for the duration of the project and joint maintenance by the project and the landowner.
Land treatment consisted of a suite of practices designed to treat and protect sections of streams and riparian zoones, including exclusion of livestock from selected areas of streams, creation of protected riparian zones, improvement or elimination of heavily used livestock stream crossings, and revegetation of degraded streambanks. The treatment required fencing, watering systems, reducing the number and size of livestock crossing areas, bridging or armoring necessary crossing areas, and streambank erosion control through bioengineering techniques. Technical assistance in treatment design was provided by personnel from US Dept. of Agriculture Natural Resources Conservation Service and from the US Fish and Wildlife Service. Funds and labor for treatment implementation were provided by the project budget, other conservation programs, the landowners themselves, and local volunteer groups.
Results
Calibration period water quality
Water quality data over the calibration period (May, 1994 -September, 1997 ) are summarized in Table 1 . Nutrient and sediment concentrations were typical of streams during agricultural watersheds in Vermont. Indicator bacteria counts routinely exceeded water quality standards for surface waters and exhibited pronounced seasonal cycles (~4 cycles of magnitude) -low during winter and very high during the growing season. Stream discharge followed typical regional patterns of low flow in summer and winter and peak flows during spring snowmelt. Phosphorous, nitrogen, and suspended solids export tended to be low during base flow, punctuated by major flux during periods of high discharge, particularly during the spring runoff period. Areal export of TKN (8.4-8.7 kg/ha/yr), TSS (139-1013 kg/ha/yr), and especially TP (0.7-3.0 kg/ha/yr) was higher than that reported from other agricultural watersheds across the US, but comparable to values reported in other agricultural areas of the Champlain Valley of Vermont.
The treatment (WS 2) and control (WS 3) watersheds exhibited similar water quality over the calibration period, showing no statistically significant differences (P ≤0.10) with respect to precipitation, discharge, nutrient and sediment concentration, bacteria, conductivity, dissolved oxygen, temperature, and bulk export of TP, TKN, or TSS. WS 2 did show significantly lower areal export of TP, TKN, and TSS compared to WS 3. Except for small differences due to variations in precipitation and stream discharge, water quality was fairly consistent through the calibration period in each of the monitored streams, with few statistically significant differences between project year means.
Correlations among the measured water quality variables in the three watersheds suggest that sediment, nutrients, and bacteria entering the streams share a common source that tends to be most active during the warmer months. Positive associations between precipitation and pollutant concentrations indicate that surface runoff is an important factor in delivery to surface waters. Negative correlations between pollutant concentrations and streamflow, combined with positive associations with water temperature are consistent with direct deposition of animal waste in streams as an important pathway for sediment, nutrients, and bacteria to enter streams in the study watersheds. These patterns all point to the presence and activity of livestock in and around stream courses as important sources of pollutants to the study streams.
Treatment
Land treatment was fully implemented in WS 2 from May-November, 1997. Seven landowners signed treatment agreements; additional work was done on four other properties in the watershed. Treatment included protection of both sides of 2300 m of stream and wetland with livestock enclosure fencing and streambank stabilization; a livestock bridge, a 300 m stabilized livestock travel lane; and three culvert and two armored stream crossings for livestock. The width of the fenced riparian zones created varied from ~2-8 m, depending on topography and the extent of land area the landowner was willing to set aside. Streambank stabilization was done through bioengineering techniques, including planting willows (Salix purpurea and Salix X cottetii) as cuttings, live stakes, and fascines and installation of tree revetments and brushrolls. Tree revetments employ whole coniferous trees secured into exposed streambanks; brushrolls are cylindrical bundles (~0.5 m by 3-5 m) of woody vegetation such as alder (Alnus sp.) staked into exposed banks. The purpose of both techniques is to protect banks from the erosive force of nature and to capture and settle sediment to promote revegetation of streambanks. No deliberate plantings were made in protected riparian zones; natural regrowth of native grasses, shrubs, and other vegetation was sufficient. Treatment installation was done by project staff, landowners, volunteers from a local river basin association, and a Youth Conservation Crops work crew. Total treatment cost for WS 2 was US$34,565 ($16,411 in project funds, $3,926 in landowner materials and in-kind contributions, and $14,228 from USF&WS and NRCS programs, and from volunteers).
Post-treatment water quality
Water quality data over the first post-treatment year (Project Year 5: October 1997-September 1998) are summarized in Table 1 . Despite the occurrence of several unusually extreme high discharge events during the year, post-treatment water quality patterns were comparable to those observed during the calibration period. In the treated WS 2, there were no statistically significant (P ≤0.10) differences between the calibration and post-treatment periods with respect to mean precipitation, streamflow, concentration, or export, as determined by a t-test. Similar analysis showed that TP concentration, discharge, and both TP and TSS export from the control watershed WS 3 increased significantly in the post-treatment year. Fecal coliform and fecal streptococcus bacteria counts tended to increase in WS 3 as well, but the differences were nonsignificant. (May 1994 -September 1997 and first post-treatment year (October 1997 -September 1998 . Values for export represent range of total annual export over three calibration years; only one year of TKN export data exist for the calibration period. The single annual value is given for export in the first post-treatment year The basis of the paired watershed approach is that there is a statistically significant relationship between paired water quality data for the two watersheds, that this relationship will hold before treatment occurs in the treatment watershed, and that this relationship is strong enough to allow detection of meaningful differences between pre-and post-treatment periods. For the approach to be effective, the calibration period must meet three conditions: (1) significant regressions must exist between the two watersheds for each parameter of interest; (2) the calibration period must continue for a sufficient length of time to detect a response to treatment; and (3) residual errors around the regressions must be smaller than the expected treatment effect (USEPA, 1993). These conditions for acceptable calibration between WS 2 and WS 3 have been met. Linear regressions between WS 3 (independent variable) and WS 2 (dependent variable) were performed on log-transformed data in order to satisfy the assumptions of parametric statistics. The significance of the relationship between paired observations was tested using analysis of variance (ANOVA) to determine if the regression adequately explains a significant amount (P ≤0.001) of the variation in paired data. This differs from the coefficient of determination (r 2 ) which indicates the general quality of the regression, i.e., the fraction of the variance in the dependent variable explained by the variance in the independent variable, and therefore its utility to predict y from x. A regression model can be statistically significant (p ≤ 0.001), but still explain too little of the variance in the dependent variable to be useful. Significant regressions between WS 2 and WS 3 were obtained for all water quality variables; F values indicated a P ≤0.001 for all cases tested. Coefficient of determination (r 2 ) values were in the low-moderate range (0.34-0.49) for nutrient and suspended solids concentration, but were stronger for bacteria (0.50-0.71) . Relationships between the two watersheds for temperature and dissolved oxygen were extremely strong (0.92-0.98). Regression relationships for export tended to be higher than those for concentration (0.52-0.68).
The ratio between the residual variance for the regression and the smallest worthwhile difference was used to determine if a sufficient sample has been taken to detect that difference (USEPA, 1993) . This analysis showed that, in general, the calibration period was adequate to detect a 18-25% change in TP, TKN, and TSS concentrations, a 37-38% change in bacteria counts, a change smaller than 10% in conductance, dissolved oxygen, and temperature, and a 24-30% change in PT, TKN, and TSS export. Calculation of 95% confidence intervals for the regression equation at the mean for the control watershed allows for more precise determination of the level of change needed to show a significant treatment effect. This analysis suggests that the level of change required to show significant response to treatment is less than 20% for all measured water quality variables. for some parameter, such as D.O., temperature, and conductance, less than 3 % change would be required to show significant difference following treatment. Bacteria counts, on the other hand, because of their high variability, would need to show a 16-18% change to indicate significant response to treatment. The change sensitivity indicated by the confidence intervals are examined at a single point (the mean, where the interval tends to be the smallest), while the calibration duration analysis considers the entire range of the paired regression. The general pattern of sensitivity to change is, however, very similar across the two analyses: the calibration period was adequate to detect reasonable changes following treatment.
Changes in water quality following treatment
The first year (Year 5) of post-treatment data was evaluated for early evidence of response to treatment. Qualitative comparisons of calibration and post-treatment data indicated that TP, TKN, and TSS export from WS 2 declined following treatment, while export from the control watershed increased. Likewise, E. coli, Fecal Coliform, and Fecal Streptococcus bacteria counts in WS 2 tended to decline, while bacteria counts in WS 3 continued to rise. Comparisons of the overall distributions of water quality data between calibration and posttreatment periods suggested that TP and TKN concentrations and bacteria counts declined in WS 2 compared to those in WS3; TP and TKN export from WS 2 also appeared to decline, compared to the control.
With the exception of TKN concentration, significant regressions were obtained between WS 2 and WS 3 for Year 5. Coefficient of determination (r 2 ) values were comparable to those observed in the Calibration period regressions: low (0.07 to 0.62) for nutrient and sediment concentration but moderate to high (0.51 to 0.73) for bacteria. Relationships for conductance, dissolved oxygen, and temperature were very strong, r 2 = 0.73 to 0.99. As previously, regression relationships for nutrient and sediment export tended to be higher than those for concentration: r 2 values for export regressions were moderate to high (0.34 to 0.65).
Post-treatment regressions differed significantly (P≤0.10) from those of the calibration period for TP concentration, E. coli, Fecal coliform, Fecal streptococcus, and TP export. Total P concentrations in WS 2 were lower in the moderate to high range compared to the control, suggesting a significant decline in TP levels in WS 2, especially over high runoff periods. Bacteria counts in WS 2, relative to counts in WS 3, declined compared to the Calibration period. This shift is illustrated for E. coli bacteria in Figure 1 . In this plot, the Year 5 regression line has dropped relative to the calibration period line, indicating that, for the same E. coli count in WS 3, the E. coli count in WS 2 was lower following treatment. Total P export from WS 2 following treatment appeared to decrease significantly compared to the control, as shown in Figure 2 . This decrease occurred over the entire range of observed weekly export and seemed to be greater at high export levels.
The magnitude of these responses may be illustrated by comparing values predicted from the calibration regressions to those predicted from the post-treatment regressions at the mean value observed in the control watershed during the post-treatment year. In this manner, the changes were estimated to be: [TP] : -25%; E. coli -46%; Fecal coliform -52%; Fecal streptococcus -51%; and TP export -42%. Note that all of these reductions exceed the minimum detectable change estimated in the calibration analysis.
Conclusions
The two monitored watersheds showed water quality characteristic of impairment from agricultural sources with respect to bacteria counts and concentrations and loads of nutrients. Analysis of paired-watershed regressions from the calibration period 1994-1997 showed strong statistical calibration between the control and treatment watersheds, with sufficient precision to detect changes of ~20% or better in response to treatment. Treatment practices for livestock exclusion, streambank restoration, and riparian zone protection were implemented in the treatment watershed in 1997. The first year of post-treatment data indicated significant reductions in TP concentration (-25%), indicator bacteria counts (-46 to -52%), and TP export (-42%) in the treated watershed compared to the control watershed. These preliminary results suggest that riparian zone restoration may be an effective tool for reducing nonpoint source pollutant concentrations and loads from livestock grazing in agricultural watersheds.
